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Abstract 
To further understand the electric field effect of interface monolayer on OFET behavior we studied the current-voltage properties 
of pentacene OFETs with downward dipole orientation of an inserted monolayer. The results showed compared with the 
reference sample, the OFETs with downward orientation of a dipole monolayer have a positive threshold voltage shift, whose 
value as well as sign is as expected from our previously proposed model. However, simultaneously they possess much lower 
effective mobility, which is outwardly out of our expectation. To understand the reason, we further study the carrier injection and 
transport property with terms of contact resistance and channel conductance. It is found that the inner electric field generated by 
the downward interfacial dipole monolayer, as expected, enhances the total electric field in pentacene and thus decreases the 
contact resistance. However, the downward interfacial monolayer also greatly minimizes the channel conductance, which results 
in the depression of effective mobility as observed. This study indicates the local electric field is quite important for organic 
devices. 
 
© 2010 Published by Elsevier B.V. 
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1. Introduction 
Recently there has been a striking interest on organic devices due to their competitive applications in light-weight 
and flexible field effect transistors, light emitting diodes, solar cells etc. with low cost [1]. For an organic field-effect 
transistor (OFET), generally, carriers are first injected from a metal electrode to an organic active layer and 
subsequently accumulated at the semiconductor - gate insulator interface and transported along the channel region 
[2]. Thus to evaluate and control carrier behaviors is quite important. Usually the carrier injection property is 
evaluated by contact resistance (Rc) and at least two requirements of low-voltage operation and high-frequency 
performance are responsible for reducing the contact resistance [1,3]. For the carrier accumulation we have developed 
the time-resolved second-harmonic generation (TR-SHG) technique to study the transient carrier motion (injection 
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and accumulation) [4], and have used the Maxwell-Wagner model to quantitatively describe the phenomena [5]. 
Furthermore, the carrier transport along the channel region is described by the current-voltage (I-V) measurement 
and recently directly observed by the time-resolved microscopic SHG technique [6]. 
 
Although there are many methods to describe the observed phenomena, up to now there are only few techniques 
to control the above-mentioned carrier behaviors. For decreasing Rc to make smooth injection, it is quite common to 
choose suitable metal electrodes for organic semiconductors [7] or to modify the work function of metal electrodes 
with self-assembled monolayers (SAMs) [8], etc.. Recently it has been shown the Rc is gate-voltage dependent [9] and 
thus the internal electric field is also crucial for the reason of Rc [10]. To improve the carrier transport along the 
channel, large grain size [11] and preferred orientation [12,13] of organic semiconductors have been reported. Recently, 
it has been proposed to control carrier density and channel conductance by using SAMs [14]. Though the 
investigation has greatly expanded understanding of the effect of interface dipole monolayer, detailed study is still 
difficult, mainly due to the problem of precisely measuring dipole moment of the monolayer on insulating substrate 
surface. Hence, we proposed an alternative approach based on the use of Langmuir monolayer to overcome the 
difficulty [15] and our results showed electric field of deposited dipole monolayer greatly shifts threshold voltage of 
pentacene OFETs and the shift can be regulated by changing spontaneous polarization of the interfacial dipole 
monolayer [16]. Although our samples with the upward orientation of dipole monolayer greatly decreased the 
effective carrier mobility, we understood the reason is the increase of contact resistance induced by the dipole 
monolayer [17]. Thus, it is expected to improve the carrier mobility by inserting a dipole monolayer with downward 
orientation of dipole moment to decrease contact resistance. 
 
In the present study, to further understand the effect of interface monolayer, an aligned monolayer with 
downward dipole orientation was introduced by Langmuir-Blodgett (LB) technique into pentacene OFET structure 
to focus on electrostatic field effect of the interface monolayer. Results showed orientation of the monolayer and 
corresponding local electric field are crucial for the prominent changes in effective mobility as well as threshold 
voltage. 
2. Experiment 
For the OFET devices, top-contact structures without (Sample A) and with (Sample B) an aligned monolayer of 
downward dipoles between pentacene and SiO2 gate insulator were used, as sketched in Fig. 1 (a) and (b). A highly 
doped silicon wafer with 100 nm thick insulating layer of thermally grown silicon dioxide (SiO2) was directly used 
as the substrate after UV-ozone cleaning (Nippon Laser & Electronics Lab., NL-UV 253S) to get a quite hydrophilic 
surface. For the pentacene OFETs with a downward orientation dipole monolayer, we chose a copolymer Langmuir 
monolayer of poly vinylidene fluoride and trifluoroethylene (P(VDF-TrFE), supplied by Daikin Kogyo Co. Ltd.), 
since it has downward orientation of dipole moment on the water surface [18]. The way of preparing such a Langmuir 
monolayer was described in our previous studies [18]. After a Langmuir film of condensed phase at a target surface 
pressure of 20 mN/m was achieved on water surface at room temperature, the LB technique was applied to deposit a 
well-aligned monolayer onto the silicon substrate. Afterwards, pentacene (Tokyo Chemical Industry) thin film with 
a thickness of 100 nm was thermally evaporated onto the substrate in high vacuum less than 2u10-4 Pa. Finally, the 
source and drain Au electrodes with a thickness of 100 nm were thermally evaporated onto the pentacene layer at a 
pressure of about 5u10-4 Pa. The deposition speeds were kept constant at 0.7 Å/s for pentacene and at 4 nm/s for 
gold top electrodes recorded with a quartz crystal microbalance (QCM), respectively. To estimate the contact 
resistance, we used certain masks to design the channel width (W) to 3 mm and channel length (L) varied from 30 to 
100 Pm. Meanwhile, a reference sample without the dipole monolayer was prepared at the same time. The I-V 
properties of devices were measured using two source meters (Keithley Instruments, Inc., type 2400) in dark under 
ambient atmosphere.  
3. Results and discussion 
3.1 Current-voltage characteristics 
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Figure 1: Sketch of top-contact pentacene OFET structures (a) without, Sample A and (b) with a downward dipole 
monolayer aligned at pentacene - SiO2 interface, Sample B for I-V measurement. 
To determine the effect of interface dipole monolayer on carrier behavior, transfer and output characteristics were 
studied for the samples by I-V measurement. Figure 2 illustrates typical output characteristics of the samples. 
Although both samples show a similar behavior of output characteristics, prominent differences in drain-source 
current could be observed. The Sample A has a much higher output current than Sample B, which indicates the 
mobility is greatly depressed in the presence of downward dipole monolayer. Actually, for both samples at the 
“pinch-off” points, an analogy of silicon based metal-oxide-semiconductor field-effect transistor, the currents start 
to saturate, and the “pinch-off” current moves with a parabolic relation with the voltage. This indicates for the both 
samples there is a space-charge limited current condition. In addition, from the channel off region (no flow current) 
the threshold voltage can be simply expected, that for both samples the Vth is around or little above 0 V. More 
detailed discussions are done by transfer characteristics below.  
 
The corresponding transfer characteristics for the samples are shown in Fig. 3. The threshold voltage (Vth) and 
effective mobility Peff can be extracted in the saturation region defined as |Vgs - Vth| < | Vds | as follows: 
where Ids and Vgs  are drain-source current and gate-source voltage, and Cg is the capacitance of gate insulator. There 
are remarkable discrepancies among the samples. First, it gives an obvious decrease of output current for Sample B, 
the same as output characteristics show. This indicates in our case in the presence of dipole monolayer the pentacene 
OFETs have lower carrier mobility. In addition, there is a large positive threshold voltage shift. Actually, in our 
previous study [16], we have made clear the reason for the large negative threshold voltage shift for DPPC case 
whose dipoles are oriented upwards. That is the shift (ΔVth) is external applied gate-source voltage to compensate  
Figure 2: Output characteristics for (a) Sample A and (b) Sample B, respectively. The channel length is the same of 
60 Pm. 
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the strong local electric field at pentacene and SiO2 interface generated by the dipole monolayer, as follows: 
where Ps and Hd are spontaneous polarization and relative permittivity of the dipole monolayer, H0 is the vacuum 
permittivity, ts and tg are thickness of semiconductor of pentacene and gate insulator of SiO2, respectively. The slope 
of Ps/H0Hd represents the local electric field at the interface generated by the dipole monolayer, which is quite strong 
(around 1 MV/cm [16]). With the equation and parameters from Table 1, the expected threshold voltage shift is 
around +10 V, and the extracted value is +9.6 V (from 0.4 V for Sample A to 10 V for Sample B, see Fig. 3 (a). 
Note that the positive shift represents a different direction of local electric field at pentacene - SiO2 interface.  
Figure 3: Transfer characteristics for both samples in the scale of (a) square-root and (b) logarithm of drain-source 
current. The channel length and drain-source voltage are the same, namely 60 Pm and -40 V, respectively. 
 
Moreover, the subthreshold region of an FET is also particularly important, especially for low-voltage, low-
power applications, since it describes how the switch turns on and off while the FET is used as a switch in digital 
logic and memory devices. The subthreshold swing (S.S.) in the region was defined as the needed gate-source 
voltage to reduce the current by one decade, namely [19]: 
where kBT/e is thermal voltage at 300 K (26 mV) and Is is surface potential. Thus ∂(Qs-Qt)/∂Is represents 
capacitance of the mobile charges on the pentacene-gate insulator interface, where total accumulated charge Qs 
decreases by the trapped charge Qt. Therefore, the subthreshold slopes for the samples are calculated from the semi-
log plot of Fig. 3(b) with values of 2.0 (Sample A) and 3.8 (Sample B), as listed in Table 1. This implies there is a 
less amount of mobile carriers along the channel for Sample B, which corresponds with the depressed effective 
mobility. 
 
3.2 Discussion on carrier injection and transport 
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Figure 4: (a) A typical result of gate-source voltage dependent Rt as a function of channel length for Sample B. The 
Vds is -1 V. (b) An example of extracting Rc by TLM from channel length dependent total resistance (at Vgs=-40 V). 
The red solid lines are linear fitting. (c) The contact resistance (solid icons) and channel conductance (empty icons) 
with respect to gate-source voltage for both samples (circles for Sample A, triangles for Sample B). The channel 
length is the same of 60 Pm.  
 
Since the samples have quite different effective mobility, as shown in Table 1, it is necessary to study carrier 
injection and transport properties in detail to disclose the effect of interfacial dipole monolayer. 
 
The carrier injection property is commonly discussed with the term of Rc between electrode and semiconductor, 
which is estimated by the transmission line model (TLM) based on the steady-state current-voltage (I-V) 
measurement [9]. Namely, the total drain-source resistance (Rt) in the region of low drain-source voltage (Vds = -1 V 
in the present study) is expressed as, 
where Rch is the channel resistance proportional to channel length L, and P here represents the intrinsic mobility. By 
fitting the channel length dependent total resistance and extrapolating it to zero channel length, we can obtain the Rc. 
Figure 4(a) illustrates a typical result for Sample B and to compare clearly we also plot the results for both samples 
in the same scale as displayed in Fig. 4(b). As expected, there is a good linear relation in the linear current region for 
all samples and Sample B shows a much higher total resistance. Detailed discussion is based on the value of Rc 
listed in Table 1 and Fig. 4(c). At the linear current region (Vds= -40 V) the Sample B has a smaller Rc than Sample 
A. This confirms our idea that the electric field generated by the downward orientation of dipole monolayer 
enhances the total electric field and thus results in a lower Rc. In addition, this conclusion can be clued from the 
tendency of the gate-source voltage dependent contact resistance. Actually the tendency can be described with our 
recent model of electric enhanced Schottky injection, that is 
where E is Schottky parameter (=(e3/4SH0Hr)), x=EE/kBT is an electric field parameter, A is Richardson constant, 
and Δ) is the energy difference between Fermi level of the metal and highest occupied molecular orbit (HOMO) of 
pentacene representing the energy barrier for carrier injection. For downward monolayer case, the total electric field 
in pentacene was enhanced by the local electric field generated by the dipole monolayer, and hence there is a lower 
barrier for injection, which results in the smaller contact resistance. 
 
The seemingly contradictory fact that Sample B has the lower contact resistance as well as effective mobility 
inspires us to further focus on transport property. For this target, we can discuss with the term of channel 
conductance, which is defined as the output current changed with the input voltage. That is [21]: 
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where gd is the channel conductance. Figure 4(c) illustrates the relation of gate voltage dependent channel 
conduction, from which we can directly see how smoothly the carriers move along the channel region. For instance, 
at Vgs = -40 V, the Sample B has worse channel conduction in spite of the smaller contact resistance, which results 
in the transport limited current condition and thus depresses the effective mobility lot. This low channel conductance 
can be due to higher trapped charge Qt in the presence of P(VDF-TrFE) monolayer at pentacene-SiO2 interface, as 
the higher subthreshold swing indicates (see Table 1). 
4. Conclusions 
In this study, we further investigated the I-V characteristics of pentacene OFETs with an interfacial monolayer 
having preferred downward dipole orientation by LB technique. The comparison results with reference samples 
showed the OFETs present much lower effective mobility as well as positive threshold voltage. The threshold 
voltage shift as well as the shift direction can be well interpreted by our previously proposed model. Detailed 
analysis of subthreshold slope in subthreshold region and contact resistance as well as channel conductance in linear 
region displayed the OFETs with downward orientation of dipole monolayer has less amount of mobile carriers and 
lower contact resistance as well as channel conductance. These findings are found to have close relation to the 
orientation of dipole monolayer and give hints to design desired devices.  
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